Abstract-In many applications, a current measurement that can measure ac currents with dc offset is required. This is not possible using conventional current transformers (CTs) due to the core saturation because of the dc offset. In this paper, a new sensor concept is presented, which consists of a wideband CT and a demagnetizing circuit. The sensor concept is capable of measuring ac currents with dc offset, which have periodic zero crossings, as given in power-factor-corrected (PFC) circuits. Using the demagnetization circuit, the core is actively reset during the zero crossing intervals. The operation principle and design equations are discussed in detail in this paper. For validating the presented concept, three sensors have been built using different core materials, and measurements of the transfer functions as well as operation in a PFC system are presented. A bandwidth from dc up to 20 MHz has been achieved.
I. INTRODUCTION
A N INCREASING number of power electronic systems connected to the power grid, such as input stages of telecom power supplies [1] , [2] , front-end systems of drives [3] , or power electronics for renewable energy sources [4] , [5] , are realized with active rectifier circuit topologies. In order to minimize the influence on the mains, sinusoidal input currents and a unity power factor are required. A current controller is used to achieve these requirements, for which the input currents must be measured (cf., Fig. 1 ). Additionally, a superimposed voltage or load regulation is applied, which is not shown in Fig. 1 for simplicity. In contrast to single-phase systems with a typical power level below 1 kW, where often shunt resistors are used for current measurement, a galvanically isolated current measurement is required for higher power levels, where usually three-phase systems are utilized. Such a concept offers the advantage of lower losses, since usually no shunt resistors are used, and measurement signals that can be processed directly by the digital signal processor. Therefore, it is very important that the current sensor should also measure dc currents besides the ac component in order to guarantee dc-free mains currents. . AC/DC converter with sinusoidally controlled input currents. In order to guarantee dc-free input currents, a current sensor that can measure the ac and dc components of the input current has to be used. The general trend for higher power densities is driven by cost reduction, an increased functionality, and limited weight/space, in some applications (e.g., automotive and aircraft) [6] . This finally results in constantly increasing switching frequencies, which comes along with an increased bandwidth requirement for the current sensor. In particular, control strategies such as direct power control [7] or decoupled hysteresis control [8] , [9] , where the switching instants are directly derived from the measured currents, require exact knowledge of the current ripple. Also, in aircraft power supplies, which have very rigid requirements on the total harmonic distortion (THD < 3%), high bandwidth current sensors are necessary. This will be even more important in future aircraft systems, which will be based on ac voltages with variable frequency (360-800 Hz), resulting in switching frequencies of several 100 kHz [10] .
In Fig. 2 , a survey of available isolated current sensing methods is given. To measure pure ac currents, Rogowski coil transducers or ac current transformers (CTs) can be used. Because of the measurement principle, the Rogowski coil requires additional electronic circuitry, but can achieve a high bandwidth [11] , [12] . AC CTs offer a wide bandwidth up to tens of megahertz and are widely used at higher current levels [13] . They are also suitable for analyzing switching transients of converters [14] , [15] . The main limitation of this sensor type includes the core saturation at lower frequencies or the presence of a dc component. DC and ac currents can be measured using Hall-effect-based sensors, transducers based on the magnetoresistive effect or for high voltage, and current levels by magnetooptic sensors. Optical current transducers [16] are based on the Faraday effect, and basically offer a wide bandwidth. Their main application areas are high-voltage power distribution systems. The essential drawbacks of this sensor type are its nonlinearity and the huge temperature dependency. Current sensors based on the magnetoresistive effect are commercially available for several years [17] . They are very attractive for integration in power electronic systems. However, the bandwidth of this sensor is limited to approximately 1 MHz due to the physical limitations of the magnetoresistive sensor element [18] .
Hall effect current transducers are based on a Hall-type sensing device located in the air gap of a magnetic core to detect dc + ac components up to several 10 kHz. In closed-loop configuration, the Hall element is used to compensate the lowfrequency flux in the core in combination with an amplifier feedback path. In open-loop configuration, the Hall device is used for sensing the current components directly, leading to a reduced linearity in comparison to a closed-loop sensor. Both configurations can be combined with a CT that has to be matched with the ac performance of the Hall element. This concepts enables high-performance current sensors with a bandwidth from dc up to 30 MHz [19] .
The Hall element has also been successfully combined with a Rogowski coil, which is also known as HOKA [20] . To insert the Hall element in the magnetic path, a core with an air gap is required, which may be a complex and expensive production step. Additionally, two sensor elements are needed for these transducer types. Furthermore, several systems have been reported to measure dc currents with an ac CT using the nonlinear magnetizing curve of the CT [21] , [22] . Unfortunately, these concepts have a very limited upper bandwidth. Several other core flux cancellation techniques were reported in the literature [23] , [24] ; however, they show limited upper bandwidth and higher complexity. Pulse currents, as they occur in the switch or in the diode of a dc/dc converter, can be measured using a CT [25] , if the CT is demagnetized periodically between the current pulses. As shown in [26] , the system behavior of these circuits can be improved by replacing the burden resistance with an active stage (active loading) and applying synchronous rectification. In [27] , additional reset voltage feedback is used to determine a necessary compensation voltage for the magnetic flux. If pulse current CTs are arranged in a dual transformer arrangement, such CTs can be used for inductor current measurements of a power-factor-corrected (PFC) stage [28] . However, two CTs are needed (one to sense the switch current and the other to sense the current through the boost diode) and their output signal has to be combined, which may be difficult in a practical realization.
Since the known concepts have limitations because of their bandwidth and/or requirement of complex core geometries or measurement electronics, a new and simple concept for ac and dc current measurement in active rectifier systems, which does not require additional sensor elements for detecting the magnetic flux, is proposed in this paper.
In the considered active rectifiers, the input currents have approximately a sinusoidal shape and therefore show zero crossings at fixed time intervals. Furthermore, the measurement signals of the input currents are only required during the positive/negative half-wave between the zero crossings. Therefore, the new sensor consists of a conventional CT, which does not saturate during the half-wave of the input current and measures the ac and dc components of the input current during this time. During the zero crossings, the current is kept for a short time at zero by the current controller, and the magnetic core can be reset/demagnetized so that the flux is zero at the beginning of the next half-wave and can measure the current during the next half-wave (cf., Fig. 3 ).
Since there are already distortions at the zero crossings of the input currents of a PFC, which can not be avoided completely [29] , the short time for demagnetizing the current sensors does not cause noticeable additional distortion. Consequently, the CT in combination with minor extensions in the current controller can be used for measuring the ac as well as the dc components of the input current without any additional sensor element. Because the voltage does not need to be in phase with the input current, the proposed sensor concept is not limited to only PFC applications. The sensor concept requires that the current to be measured periodically gets zero for a certain time interval and can therefore be used in all applications where this requirement is fulfilled.
II. PRINCIPLE OF OPERATION
In Fig. 3(a) , the schematic of the proposed current sensor for a single-phase PFC circuit is given, where the current sensor is located on the ac side of the active rectifier. Therefore, the current sensor using a CT consisting of a transformer and the burden resistance R B is extended by the switch S 2 , two Zener diodes, and some control logic implemented in the (digital) current controller. If S 2 is closed, voltage v i,meas is equal to the voltage across the burden resistor, which is proportional to the input current: v i,meas = i N /N R B . As shown in Fig. 3(b) , the magnetizing current i m of the CT raises during the halfwave of the input current (details are discussed in the following section). If a sinusoidal current i N causing a sinusoidal voltage v i,meas is assumed, the magnetizing current at instant T /2 can be calculated approximately by
In case of a purely sinusoidal current i N , the magnetizing current i m will be zero after a full period T . In Fig. 3(b) , a small dc component is assumed, hence a small value of i m will remain after one period T . Without any demagnetizing, i m would raise more and more in case the input current has a dc component, and the core of the CT would saturate after some period. By demagnetizing the CT at each zero crossing of the primary current, the dc component does not lead to a core saturation, which can be measured by comparing the positive and negative half-wave. For demagnetizing the core, the zero crossing of i N is detected, and the pulsewidth modulation (PWM) signal of the PFC switch S 1 is set to zero, so that the primary current of the CT stays zero. At the same time, S 2 is opened (v i,meas is held to zero by the burden resistor R B ) and the magnetizing current of the CT now flows via the Zener diodes. Since the Zener voltage of the diodes is much higher than the magnitude of v i,meas , the time to demagnetize the core is very short. After the CT is fully demagnetized, S 2 can be closed and the PWM signal generated from the current controller is reapplied to S 1 . The time needed to demagnetize the current sensor t demag can be calculated easily using the approximation
which leads to
where t meas denotes the measuring time until the sensor is demagnetized. As the phase current of the rectifier is forced to zero during t demag , the sensor concept causes current distortions in the input current i N . Since several other effects, such as cusp distortion [30] or discontinuous-mode (DCM) of operation of the boost inductor [31] , already generate zero crossing distortions, the distortions caused by the proposed sensor concept are not significant. In Fig. 4 , the harmonics of an average currentmode-controlled 1-kW single-phase PFC prototype with and without the new sensor concept are shown. As it can be seen, no noticeable additional harmonics are caused by the demagnetizing circuit. In applications where no nameable current distortion occurs, such as bidirectional rectifiers or situations where a phase shift is included between voltage and current, the time interval needed for demagnetizing the CT will result zero crossing distortions. The amount of these distortions depends on the sensor realization, but generally should not be higher than the distortions given in Fig. 4 . The demagnetization of the CT core can also be done every half-period, which is shown in Fig. 3 (b) for t > T . This is very useful, if the sensor is located on the dc side of the rectifier [ Fig. 18(c) ], since the current to be measured includes a significant dc component, as illustrated in Fig. 3(a) . In order to retain a small core size, the CT must then be demagnetized every half period of the mains.
In Fig. 3 (c), the proposed sensor concept is applied to a phaseleg of a Vienna rectifier structure. Here, two CTs are used and one CT is placed in each diode path, which only conducts for half a period. No additional switch is required here as the time interval with zero current is inherently used for demagnetization. 
A. Model of the Current Transformer
In order to be able to design and optimize the current sensor, a model of the CT is required. The detailed model of the current sensor is given in Fig. 5 , where the following symbols are used: L m : magnetizing inductance R core : equivalent resistor for core losses L σ : leakage inductance R w : winding resistance C w : winding capacitance C iw : capacitance between primary and secondary winding N : number of turns R B : burden resistance R S : on-resistance of the switch.
The CT is modeled by an ideal transformer with a singleturn primary winding and an N -turn winding on the secondary side. The nonideal behavior of the sensor is modeled by the network located at the secondary side of the ideal transformer. For analyzing the sensor's low-frequency and high-frequency behavior, simplified/adapted models as shown in Figs. 5(b) and 7 are used.
1) Low-Frequency Behavior: For analyzing the lowfrequency behavior of the sensor, the interwinding capacitance C iw , the leakage inductance L σ , the winding capacitance C w , and the core losses, represented by R core , can be neglected [ Fig. 5(b) ].
In a first approximation, the lower cutoff frequency f l of the current sensor can be calculated by
where R is the sum of the resistors R = R w + R s + R B [cf., Fig. 5(b) ]. Since the CT is demagnetized every half-period, the sinusoidal steady-state condition is not given, so that the differential equation for the magnetizing current
must be solved. For a sinusoidal primary current i N = I N sin(ωt), the solution of (5) is given by
.
Using i m (t), the output voltage of the sensor results
Here, it can be seen that v i,meas (t) not only depends on the input current, but also on the magnetizing current, which results in measurement errors. In Fig. 6 , v i,meas (t) and i m (t) are plotted for the values L m = 200 mH, R B = 1.2 Ω. To minimize this error, L m should be as large as possible. For the PFC application, this error results in a measurement signal that represents a too small rms value of the measured current. A superimposed voltage or power controller, however, will automatically compensate this effect. The deviation can also be easily calculated if L m and R w are known, which allows a compensation based on a feed forward of the current controller. In order to quantify this deviation, an error function
can be defined. Additionally, a THD calculation can be used to quantify the resulting distortion of the measurement signal.
2) HF Behavior:
In contrast to the low-frequency model, the parasitic elements of the CT cannot be neglected for the HF behavior. Additionally, the parasitic inductance L B of the burden resistance R B and the junction capacitance C d of the diodes have to be considered. Basically, the winding-to-winding and the core-to-winding capacitors are distributed, which are difficult to model. In a first approximation, these capacitors can be approximated by six independent capacitors, as described in [32] . This model is valid up to frequencies between the first and the second resonance of the transformer. For the following, the six capacitors are reduced to the winding capacitance C w and the interwinding capacitance C iw , which describe the relevant influence of the capacitors on the transfer function of the current sensor, with a sufficient accuracy. The calculation of the upper frequency limit poses a real challenge. To get good results, the frequency dependency of the core material [33] and a more distributed model, as it is shown in [34] , has to be considered. Here, a finite-element method (FEM) simulation is used to determine the distributed elements. In general, the upper bandwidth limit of the CT is given by a parallel resonance circuit of C w , L σ , and/or L m . So it is essential to keep the winding capacitance C w as small as possible. C w can be minimized using a singlelayer winding strategy for this, and is mainly determined by the winding-to-core capacitance [35] . Fortunately, this parallel resonance circuit is damped by the burden resistance R B , which is, in the desired application, typically small compared to the natural impedance Z 0 of the resonance circuit. Therefore, the upper bandwidth can be further increased if C w is minimized, and can be calculated by the more distributed model [35] .
However, some design rules can be derived from the HF model of Fig. 7 . In order to get the highest possible upper bandwidth, a single-layer winding strategy and, since C w is proportional to N , a minimum number of turns have to be used.
B. Dimensioning of the Magnetic Core
The core size and the number of turns N of the CT have to be chosen so that the magnetic core does not saturate for the lowest occurring frequency f min = ω min /(2π). Using Faraday's law and neglecting the on-resistance R S of the switch results in
where B sat is the saturation induction, B r the remanence, and A f e the cross-sectional area of the core. For a sinusoidal primary current and demagnetization after each half-period, the left-hand side of (9) can be used to deter-
Here, the inductance is also expressed as function of N . This results in
Since (12) cannot be solved analytically, either a numerical solution or an approximation has to be used. If the influence of
is valid, and (12) simplifies to
which can be solved analytically. The error caused by this simplification is depicted in Fig. 8 . It can be seen that the approximation shows good results for R/L m < 10 s −1 . With the desired sensitivity
the burden resistance can also be expressed as function of N . Furthermore, the winding resistance
is a function of N , where J denominates the desired current density, l m the medium turn length, and γ cu the conductivity of the wire. Combining (14) , (15) , and (16) results in an equation for determining the minimum number of windings
so that the core does not saturate. The validity of this result has to be checked using Fig. 8 . This results does not give any information about the amplitude error of the sensor output. For limiting the amplitude error given by (8) , the number of turns might have to be increased. According to (17) , the core size A f e of the CT can be reduced if the minimal frequency f min is increased (e.g., 360-800 Hz in aerospace applications). In Fig. 9 , the required core size is plotted as a function of f min , where available core sizes for the nanocrystalline materials (see Section IV) are marked. The sensitivity S, the burden resistance R B , and the number of turns are constant parameters. It can be seen that for a minimal frequency of f min = 400 Hz, only one-sixth of the core area is needed, which makes the sensor type ideally suited for the aerospace applications. Also, another advantage of the CT can be derived from (17) using (15) . For higher current levels, the same core size can be used, if R B is reduced in the same manner asÎ N is increased. Here, it is important to note that for small values of R B , the winding resistance must be considered, in order to limit the error caused by the voltage divider R w /R B .
III. APPLICATION OF A COMMERCIAL AC CURRENT TRANSFORMER
In a first step, the applicability of a commercial ac CT in the proposed current sensor concept is analyzed in the following. Here, the ac-CT ZKB 564/401-80 from Vacuumschmelze Corporation [36] , designed for 50 Hz applications, is considered. In Table I , the main characteristics of the sensor are summarized. The secondary winding consists of N = 1300 turns, in order to achieve the 50 Hz capability. This results in a relatively large winding capacitance, which considerably reduces the HF performance of the sensor. The measured transimpedance transfer function of the sensor G(jω) = v i,meas (jω)/i N (jω) has been recorded using a Bode100 network analyzer [37] [ Fig. 10(a) ]. Because of the large burden resistance (necessary for achieving the desired sensitivity of 50 mV/A), the 50 Hz phase shift is too large for the intended application. The active current probe TEK A6302 [38] , which is able to measure continuous currents up to 20 A, will be used as reference in this paper. In this, current probe ac currents up to 100 MHz are sensed by a CT whose dc components, however, are compensated using a Hall device flux sensor in connection with an external amplifier module [39] in a closed-loop manner. This compensating ("MMF balance") measuring principle, therefore, combines the high bandwidth of a conventional ac CT and of a dc capable (low frequency) Hall sensor avoiding linearity errors to a large extend. Additionally, the A6302 is characterized by a high dv/dt immunity, which is achieved by carefully shielding and CM reduction measures. The output signal of the current sensor, taken from the 1-kW PFC prototype with a switching frequency of 150 kHz, is compared with the output signal of the current probe TEK A6302 [cf., Fig. 10(b) ]. The upper bandwidth is ≈200 kHz. Hence, the VAC CT cannot be used in the proposed sensor for measuring the current ripple of converters with medium or high switching frequencies. Therefore, a new CT is designed in the TABLE II  SPECIFICATIONS OF THE MAGNETIC MATERIALS following section, and the performance of the designed sensor is plotted in Fig. 10(b) .
IV. DESIGN OF A HIGH-BANDWIDTH CT
As the commercial CTs are not appropriate for the proposed current sensor (cf., Section III), a CT with the following properties is designed.
1) 50-Hz capability and small amplitude error, as calculated in (8). 2) High upper cutoff frequency f u .
3) Small size of the sensor. 4) Good sensitivity S. To achieve a small amplitude error at 50 Hz, the magnetizing inductance L m has to be large, which requires either a highpermeability core or a large number of turns N . Unfortunately, both measures reduce the upper bandwidth limit, so a tradeoff has to be found between the 50-Hz amplitude error and the upper bandwidth limit.
A. Magnetic Materials
For the CT design, the MnZn-ferrite T 38 and the two nanocrystalline materials VITROPERM 500F 1 (VP500F 1 ) as well as VITROPERM 500F 2 (VP500F 2 ) are compared. Their properties are given in Table II . Also, amorphous materials are appropriate for the design of a CT. However, the performance of the nanocrystalline materials surpasses the amorphous ones, only the nanocrystalline ones are considered in the following.
The two nanocrystalline materials offer the advantage of a very high saturation flux density of B sat = 1.2 T and show a highly linear B-H characteristic up to B m ,lin = 1 T. Consequently, the core size of the CT with nanocrystalline material can be reduced compared to the MnZn-ferrite material T 38 , which has just a saturation flux density of B sat = 0.43 T. The measured hysteresis loops of the materials are plotted in Fig. 11(a) . As depicted in Fig. 11(b) , the initial permeability µ r,i is also very high for the nanocrystalline materials. The material VP500F 1 offers a permeability of µ r,i ≈ 100 000 and seems to be bestsuited. Unfortunately, this high-permeability material also has a very high remanence of B r = 0.3 T [cf., Fig. 11(a) ], which reduces the actually applicable amplitude range of the flux density. For the two other materials (with lower µ r,i ), the influence of remanence can be neglected. Because of eddy currents, the complex permeability decreases for higher frequencies that must be considered when determining the sensor's HF behavior. The nanocrystalline materials show a very small temperature dependence of B sat and µ r . Additionally, the high Curie temperature of more than 600
• C allows a higher operating temperature of the core, making these materials suitable for power electronic applications.
B. Current Transformer Design
Using the considered materials, CTs for a sinusoidal primary current of ±25A pk (resulting in a dc component of i avg = (2/π)Î = 15.9 A) and a frequency of 50 Hz have been designed, where the CT is assumed to be demagnetized every half-period. The characteristics of the three CTs are summarized in Table III . As the permeability of the ferrite material used for CT3 is much smaller, a bigger core size has to be applied. Equation (17) has been used for determining the minimum number of turns in order to avoid saturation. Since only the core saturation is considered in (17) , the amplitude error of the CT [cf., (8) and the resulting THD (only distortions caused by the demagnetizing concept are considered) have been calculated for dependency on N (cf., Fig. 13 and Table III) .
The amplitude error is reduced by increasing N , which, however, is limited due to the parasitic winding capacitance and the available core window. For the given case, it is not possible to reduce the error below 2% for CT2 and CT3. For a further reduction of the error, a material with a higher permeability, for example, VP500F 1 , must be used. Sensor CT1 uses the material with highest permeability and shows a small amplitude error at 50 Hz. Whereas, CT2 is more suited to achieve a high upper cutoff frequency.
In Fig. 14, the measured transimpedance transfer functions G(jω) of the sensors are plotted. The upper bandwidth limit has to be defined either by the phase error or by the amplitude error of the CT. For CT2, both limitations result in an upper frequency limit of 20 MHz. So, a wideband CT from 50 Hz up to 20 MHz has been realized based on the nanocrystalline materials. Also, CT3 (using the ferrite material T 38 ) shows good, but slightly reduced performance results. For testing the HF behavior of the sensors, an (damped) oscillating current showing a frequency of about 3 MHz was applied to the primary side. The results, compared with the measurement of an active TEK A6302 current probe, are given in Fig. 15 . Sensor CT2, which has the highest bandwidth, exhibits only a negligible deviation, whereas in the signals of CT1 and CT3, the bandwidth limitation become visible.
C. dv/dt Immunity Test
In many power electronic applications, a high dv/dt immunity is very important in order to limit the noise in the measurement signal. With a high dv/dt, the primary side of the CT couples to the secondary side via the interwinding capacitance C iw of the sensor (cf., Fig. 7) . A high dv/dt is, for example, generated by the switching transient of a MOSFET.
For testing the dv/dt immunity of the sensors, a boost-type converter circuit with switching transients of 15 kV/µs has been used. A stub line was connected to the drain of the MOSFET and was fed through the CT as primary conductor, where no current is flowing. Without any shielding, a relatively large noise signal of 2 A pk is coupled to the secondary side [cf., Fig. 16(a) ].
The noise can be reduced by shielding the primary inductor [cf., Fig. 16(b) ]. Since the secondary winding of the CT is also coupled to the surrounded elements, a noticeable disturbance is still measured as compared to the results of the TEK A6302 current probe [cf., Fig. 16(c)] . A further improvement of the dv/dt would require shielding of the entire CT and insertion of a small common-mode choke at the output of the winding [13] .
V. DEMAGNETIZATION CIRCUIT
Several configurations of the demagnetizing circuits are possible in practice, which differ if the sensor is located on the ac side or on the dc side of the rectifier. In Fig. 17(a) , for example, a demagnetizing circuit using two Zener diodes is shown. If a bipolar power supply (e.g., ±12 V) is available, two diodes connected to the power supply, as shown in Fig. 17(b) , can also be used. If the sensor is located on the ac side of the converter, a bidirectional realization of the switch S 2 is required. In the case of not too high-burden currents, integrated bidirectional analog switches may be used for realizing S 2 . Such analog switches offer a typical on-resistance of about 250 mΩ and a current capability up to 500 mA. However, for the designed CTs in Section IV, higher burden currents occur. Hence, a bidirectional switch arrangement, as shown in Fig. 17(c) , is recommended. If the sensor is located on the dc side of the converter, a realization The realized prototype (cf., Fig. 18 ) uses the designed sensor CT1, and is based on the proposed bidirectional switch configuration of Fig. 17(c) . The two MOSFETs are realized by the dual N-channel MOSFET IRF9956. This MOSFET shows a small output capacitance C oss and a sufficient low R DS,on . The gate drive is realized by a insulated-gate bipolar transistor (IGBT) gate drive optocoupler HCPL0314, which is fast enough and offers the capability of a bipolar output (see Section VI).
VI. EXPERIMENTAL RESULTS
For determining the performance of the prototype of the current sensor (cf., Fig. 18 ) a single-phase 1-kW PFC circuit has been utilized. The sensor prototype designed in Section V is located on the dc side of the PFC. As already mentioned, the primary current of the sensor (here, the inductor current i L of Fig. 19 . Measurement taken from the PFC prototype at the zero crossing interval using the proposed sensor demagnetization scheme. Drain-source voltage v D S of the PFC switch, inductor currents measured with the TEK A6302 current probe and sensor CT1. Additionally, the PWM signal of the PFC switch is shown. Because of the missing shielding of the CT, the sensor output of CT1 shows some ringing as compared to the current clamp, which is induced by the high dv/dt rates at the switching instants of the PFC switch (also see Fig. 16 ).
the PFC) has to be forced to zero by the current controller during the demagnetizing interval.
In a practical PFC realization, the current controller is not able to adjust an inductor current of zero because of Cusp distortion and DCM operation of the converter. Consequently, the input voltage v in has to be used to detect the zero crossing to start the demagnetizing process. (The controller ensures nearly unity power factor.) However, if the PWM signal v PW M of the MOSFET is forced to zero, the output capacitance C oss of the MOSFET builds a series resonant circuit together with the boost inductance L, which is excited by the inductor current i L . Hence, a damped oscillation of the primary sensor current occurs (cf., Fig. 19 ). This can also be seen in the drain-to-source voltage v DS , which is charged/recharged by this oscillating current. Additionally, it can be seen in the measurements that are near the zero crossings (where the inductor current is low), the drain-source voltage of the MOSFET does not rise up to the dc link voltage since the current is too small to charge the output capacitance of the MOSFET.
During the mentioned oscillation interval, the CT should not be demagnetized, because during demagnetization, a comparably high voltage (e.g., 12 V) is connected to the CT instead of the small burden resistance R B , and this high voltage would rapidly increase the magnetizing current. Therefore, a delay has to be inserted between forcing the PWM signal to zero and demagnetizing. For the realized prototype, a necessary delay of t d = 40 µs has been determined.
In Fig. 20 , a measurement of the demagnetizing interval is shown. The PWM signal is forced to zero, and a delay is inserted before the demagnetization process is started. After v demag is set to zero (which opens the bidirectional switch S 2 ), the magnetizing current flows through the clamping diode and a CT voltage of v CT = −12 V is measured during the demagnetization. After the CT is fully demagnetized, the magnetizing current and, therefore, the current through the clamping diode is zero, and the clamping diode will block. Since the output capacitances C oss of the bidirectional switch are also charged to −12 V during the demagnetizing interval, again an oscillation occurs. Here, the resonant circuit is formed by L m of the CT and C oss of the bidirectional switch. During this oscillation, the common source potential of the two MOSFETs can become negative, so that a negative gate voltage has to be applied to the bidirectional switch for ensuring a safe turn-OFF. The oscillations can be reduced by applying a MOSFET with a small output capacity C oss for the bidirectional switch. However, such MOSFETs usually show higher R DS,on values contributing also to the total ohmic resistance of the burden path. Also, the calculated amplitude error of (8) can be seen in Fig. 20 , where the sensor output at the end of the period is slightly negative instead of zero. Finally, measurement results of the 1-kW PFC circuit (input current i in , input voltage v in , and inductor current i L ) are presented in Fig. 21 , which show that the PFC operates very well with the proposed current sensor.
VII. CONCLUSION
In this paper, a new current sensor concept for measuring ac + dc currents, which have periodic zero crossings, for example, given in PFC applications, has been analyzed in detail. The proposed sensor consists of a CT and an active demagnetizing circuit, which demagnetizes the core of the CT during the zero crossings of the current. Here, the measured current is clamped to zero for a short period of time, which coincides with the inherent zero crossing distortions of active PFC circuit, so that the THD of the controlled current is not deteriorated.
For validating the presented design equations and models, prototype systems utilizing either nanocrystalline or ferritecore material have been built and the transfer functions have been measured. Here, a bandwidth from dc up to 20 MHz and measurement errors below 2% have been achieved with the nanocrystalline materials. The bandwidth of the ferrite prototype is limited to values below 5 MHz, and the resulting measurement error is relatively high (> 6%). Furthermore, the performance of the proposed sensor concept has been measured in a 1-kW single-phase PFC test system, which revealed a THD of 1.5%.
The design of the proposed sensor is quite simple, and the size of the CT can be reduced significantly if the frequency of the ac current increases, for example, in aircraft power systems.
